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Heterogeneous Nucleation of a
Semicrystalline Polymer on
Fiber Surfaces
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Abstract

Nucleation phenomenon as affected by the surface
conditions of six identical wood/non-wood fibers
with three levels of fiber treatments were investigated
by a combination of complementary techniques. This
study was based on results of a preliminary study on
the influence of surface characteristics of thermo-
mechanical pulp (TMP) fibers on the transcrystalline
layer (TCL) growth and its correlation with interfacial
strength properties. Surface morphology of fiber ma-
terial and heterogeneous nucleation phenomenon on
the fiber material was carried out using scanning
electronic microscopy and polarizer light micros-
copy. The nucleation efficiency was examined in a
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polymer matrix to determine unity factors (¢), which
directly explains Gibbs free energy in a correlation of
homogeneous and heterogeneous nucleation. The
factor was generated from the crystalline deposit an-
gle measurement on the fiber surface during isother-
mal crystallization temperature at 140°+ 0.1°C. Both
measurements indicate that surface properties of ex-
tracted and surface washed fibers influence surface
induced heterogeneous nucleation of polypropylene.
Morphological changes on the fiber surface were re-
ported due to an elimination of relatively small parti-
cles from each level of surface treatment and fewer
particles on the fiber surface indicated decreased nu-
cleation ability on the surface.

Introduction

The ocanrence of an extended source of nuclei
confined on the wood fiber surface is called crystalli-
zation. The term transcrystallization is used when nu-
cleation density is considerably high. A vast amount
of research has been conducted on various aspects of
transcrystallinity in fiber-reinforced semi-crystalline
polymer composites. The studies have focused on me-
chanical properties, which are affected by trans-

crystallinity more than crystal growth in the bulk
(Sharples 1966, Mullin 1993, Quillin 1993, Lin 1999,
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Ebengou 1997, Hsiao 1990, Chang 1977). However, a
detail nucleation mechanism on the wood fiber sur-
face remains uncertain and insufficient to explain
material functionality on the interfacial phenomenon
of matrix materials.

Previous researchers have proposed concepts toin-
crease the nucleation ability by modifying or control-
ling the polymer matrix and surface characteristics
such as copolymer, additives, chemical composition,
surface roughness, and surface free energy (Gray
1974, Liu 1994, Wang 1996, Lee 2002). However, an
increased surface free energy was an unlikely influ-
ence on nucleation ability to induce transcrystall-
ization on the fiber surface because a transcrystalline
layer (TCL) was generated on the fiber surface regard-
less of whether the surface free energy was changed
by surface treatments (Westerlind 1988, Hsiao 1990,
Mahlberg 1998). Wang (1996) found that a thicker
TCL formed at higher temperatures, and larger resid-
ual stresses at the interface indicate an important role
of the mechanical strength of the composites com-
pared to crystallization at a lower temperature. Yin
{1999) found that the nucleation density with addi-
tion of MAPP (maleic anhydride polypropylene) from
1 to 10 percent was significantly increased, and a suf-
ficient amount of nuclei on a single wood fiber in-
duced transcrystallization around the wood fiber. The
nucleation ability is also related to chemical contain-
ment and topography of the fiber surface during the
nucleation process of thermoplastic polymers (Wang
1994). However, a clean natural cellulose surface of
cotton and purified wood fibers easily induced trans-
crystallization when the surface was exposed (Gray
1974).

In the acid-base theory, hydrogen bonding is the
main form of bonding at a polymer interface with
hydroxyl group rich surfaces. The theory is based
upon interaction energies that are dependent on the
acidity of the hydrogen donor and the hyfirogen ac-
ceptor. Acid-base interactions cover any interaction
that involves the sharing of an electron pair, particu-
larly hydrogen bonding. In the case of cellulose, the
acid-base interactions can be described as predomi-
nantly hydrogen bonding with a surface dominated
by hydroxyl groups. Interfacial energy and internal
bond (IB) measurements indicate a strong correla-
tion between the hydroxyl-rich (acid-base) interface
and good adhesive properties (Jensen 1978, Pizzi
1994). An important application of interfacial acid-
base bonding is the predictable enhancement of inter-
facial bonding accomplished by surface conditions of
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materials to enhance the interfacial acid-base inter-
actions (Fowkes 1987).

Attractive forces exist between any molecules
when their distance of separation is closer than 9A
(Chung 1991). The attractive forces are usually insuf-
ficient for strong bonding when the molecules are
small, but the attractive forces become strong when
the molecules are large. A classical theory of polymer
nucleation is based on changes of the overall excess
free energy (AG) between small particles as a foreign
body and semicrystalline matrix. Gibbs free energy is
also influenced by intimate molecular contact, vol-
ume of the matrix, and size of the nucleus. However,
most of the nucleation is heterogeneous induced by
foreign particles or the surface of materials rather
than a spontaneously induced nucleation known as
homogeneous nucleation (Mullin 1993). :

AG = AGs +AGy = 4nr2y+ ;;-nr:"AGv (1

AG (Equation [1]) is generally combined with two
quantities of positive (surface free energy; AGg) and
negative (volume free energy; AGy). The Gibbs free
energy at the . is called a critical free energy (AG(y;,)-
However, the heterogeneous nucleation on the for-
eign surface differs from the homogeneous nucle-
ation because of differences in nucleus sizes (). The
differences are also associated with the critical free
energy (AG,,)- Therefore, heterogeneous nucleation
has less unity than homogeneous nucleation and the
unity factor can be expressed with a correlation be-
tween two different nucleations.

AG’CriI = $AGeyir 2]

The factor highly correlates with interfacial ten-
sions at the boundaries of crystalline deposit, amor-
phous region, and foreign surface. The dentact angle
(0) between a crystalline deposit and a wood fiber sur-
face can be generated to calculate the unity factor.
The factor equation is:

o= 20t _ Q*C‘”exl"c""’)z ©<0<180) 3!
Y 4

Objectives

The objectives of this study were to:
1. determine interaction mechanisms at nucle-
ation sites caused by fiber surfaces,



2. investigate the effectiveness of increased hydro-
phobicity of the fiber surface on the polypropy-
lene (PP) matrix, and

3. provide factors from the quantitative measure-
ments of crystalline deposit angles and h/E ra-
tios of the crystal deposit system on the fiber
surface.

Materials and Methods

Materials and surface conditioning

A total of six fiber types (8 bar thermomechanical
pulp [TMP], refined mechanical pulp [RMP], com-
mercial TMP, bleached Kraft, unbleached Kraft, and
carbon fibers) were used to evaluate the influence of
surface morphology and hydrophobicity on the sur-
face induced heterogeneous nucleation phenome-
non. Three different fiber conditions (control, ex-
tracted, and water soaked) were used. Extraction was
performed with dichloromethane (CH,Cl,) on 8 bar
TMP fibers, which were produced from juvenile por-
tions in a continuous, pressurized, single-disc refiner
(80 pm refiner plate gaps). The soxhlet extraction was
performed in accordance with TAPPI standard T 204
om-88 (Tappi 2004). All of the fiber materials were
washed out with distilled water at room temperature
after 24 hours of water soaking. The fibers were exam-
ined for microscopic morphological changes on the
fiber surfaces due to the removal of extractives and
extraneous materials. The carbon and Kraft fibers are
examples of extreme surface characteristics of hydro-
phobicity and hydrophilicity as well as changes in the
surface chemical compositions.

Polypropylene (Escorene PD7292N E7, Exxon
Mobil Chemical Co.) was used for the evaluation of
heterogeneous nucleation phenomenon at the inter-
face of the fiber surface and the semicrystalline poly-
mer with an iscthermal temperature of 140°+ 0.1°C.

(CY

Liquid PP
Crystalline

Instruments for monitoring the interfacial
phenomena

A polarizing light microscope (PLM) (Leica DM LB
30TL implemented with HCS302-STC200 cold/heat-
ing stage) was used to determine the number of nu-
clei, h/E ratios, and crystalline deposit angles during
the crystallization process when each polymer blend
was placed with the TMP fibers. The isothermal PLM
observation characterized each crystallization pro-
cess relative to the different surface characteristics of
the wood/non-wood fibers with PP. The PLM photo-
micrographic images were provided h/E ratios and
crystalline deposit angles to calculate unity factors (¢)
on the linear fiber surface (Fig. 1). A Spot RT digital
camera (Diagnostic Instruments Inc., Model #3,1,0
with 1600 by 1200 resolution) was used for develop-
ing i as a function of observation time. Im-
age-Pro° Plus software was used to conduct the image
analysis and collect quantitative measurements of
b/E ratios and crystalline deposit angles.

Morphological characteristics of the wood and
non-wood fibers were investigated using a scanning
electron microscope (SEM) (Hitachi S-3600N). Fi-
bers, which were coated with a thin layer (approx. 15
nanometers) of gold, were observed in the SEM. The
morphological characteristics and surface conditions
were analyzed from photomicrographic images with
image generation conditions of 20 Kv and 1,500x.

Particle size analysis (PSA) was achieved using a
particle size analyzer (Ro-Tap) and micrographic im-
age analysis to obtain quantitative particle distribu-
tions on the fiber surfaces. The quantitative measure-
ment addressed possible PP nucleation caused by
relatively small particles on the fiber surface. Accu-
sizer™ 770A SIS-Syringe Injection Sampler with a
wide dynamic range sensor (LE400-0.5; covers 0.5 to
400 pm of particle radius) was used to analyze parti-

Figure 1. — (a) Measure-
ments for crystalline de-
posit angles and ratios of
lamella deposit between
the fiber surface and the

Fiber surfs

bulk area; and (b) W/E ra-
tios.
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Pulping process Thermomechanical Kraft Mechanical | HT Batch
hermomechanical
Fiber 8 barJ Cm_TMP ue | Bkp | mmp I
Species Loblolly pine Ponderosa pine Western hemlock na
{Pinus taeda) (Pinus ponderosa) {Duga heterophyila)
Western hemlock
(TBuga heterophylla)
Western white pine
_(Pinus monticola)
Producer BCCUW Plum Creek MDF, Inc. Potlatch Co. Inland Empire Zoltek
wSCito. Lewiston, ID Paper Co. | Companies, Inc.
Properties 175°C 163°C 5% to 7% 99.5% na >99.5% carbon
— | preheating preheating Jignin
Moisture t 5.6% 10.5% 5.6% 5.2% 11.8% 0.03%
Extrartives 3.2% _3.9% 0.78% 0.36% 12% | .

8barJ is 8 bar juvenile (TMP); Cm_TMP is commercial TMP fibers; UKP is unbleached krafit pulp; BKPis bleached kraft pulp; RMP is refined
mechanical pulp; and BCCUW is Bio Composites Center, University of Wales.
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line deposit ratios (WE) and unity factor (§)
changes of crystalline deposit angle mea-
surements with the three levels of fiber treat-
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Figure 2. — Correlation between the crystal- }
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cle sizes on the fiber surfaces. Number of nuclei, par-
ticle size, and distribution were generated from PLM
and SEM images. Quantitative evaluation of polymer
nucleation on the fiber surface from 200x micro-
~ graphs as a function of unit surface area were deter-
mined with a mounted digital camera equipped with
Image-Pro Plus software.

Results and Discussion

It is expected that the fibers would posses similar
surface chemical properties due to the removal of ex-
tractives and extractable materials from the surfaces
(Table 1). The carbon and Kraft fibers also provide
extreme surface characteristics of hydrophobicity
and hydrophilicity with less extractive. The RMP (fi-
bers produced under the lignin glass transition point
of 140°C) had lower extractable materials compared
to the TMP fibers. Therefore, there was no lignin rede-

94 ¢ Recent Developments in Wood Composites
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Unity Factors (§ =AGL, /AGq,)

posit after the defibrillation process with the RMP fi-
ber. A higher surface roughness after the process was
also noted. »

Unity factor (¢) changes from different crystalline
angles and crystalline deposit ratios based on PLM
observations are shown in Figure 2. The surface mor-
phology and chemistry influenced crystal impurities
of fibers and provided a better nucleation site to the
PP matrix, and the AG’(,;, differences of the fiber sur-
face contribute the nucleation ability of PP. The SEM
and PLM results correlated to the unity factorusinga
method of tabular and numerical comparisons
among the fibers. The result also shows what kind of
wood fiber surface properties are effective for induc-
ing heterogeneous nucleation and how surface prop-
erties influence the purity changes of AG’,,,, on the
woodmon-wood surface compared to the bulk area.
Some degree of material hydrophobicity on the fiber



(d) extracted fibers

surface will be beneficial in the lamella deposit sys-
tem on a fiber surface and create an intimate contact
system between the fiber surface and PP. This mecha-
nism should be addressed in a development of sec-
ondary forces (i.e., the role of the van der Walls
forces). Surface hydrophobicity of the fiber materials
plays a beneficial role on the lamella orientation on
the fiber surface.

Figure 3 shows heterogeneous publeation phe-
nomenon associated with surface morphology due to
the three levels of fiber conditioning. The micro-
graphs address the morphological changes among
the fiber material with each surface treatment. The
extraction of the surface did not influenced PP nucle-
ation on the extracted fiber surfaces. Surface cracks
and particles still remained on the rough surface of
extracted fibers. However, the washed surface show-
ed an extreme reduction in the heterogeneous nucle-
ation. The surface showed surface checks but a clean
morphology and less particles. Surface roughness
could affect the fiber/matrix adhesion and the nucle-

(f) washed fibers
Heterogeneous nucleation phenomenon associated with the surface morphology due to the fiber

ation ability of semicrystalline polymers (Cai 1997).
However, the surface roughness and checks probably
did not correspond directly to PP nucleation. Figure
3 also indicates that water isolated materials from the
fiber surface plays an important role in the PP nucle-
ation with surface characteristics of chemical compo-
sitions and surface free energy.

Figure 4 shows particles located on the fiber sur-
face to induce heterogeneous nucleation. Particles of
variables sizes can be seen on the surface of the wood
fibers. Most of the particles are located on surface
checks and damaged surfaces. The particles had rela-
tively smooth and round morphology. Based on the
nucleation theory, th and round surfaces pro-
vided lower surface area, which influences Gibbs free
energy, as compared to rough surfaces due to the ex-
posed surface area to the molten PP. The function of
surface checks and roughness may be a natural hold-
ing device for relatively small particles to induce the
PP nucleation.
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(a) control fibers (b)
Particles on the fiber surface to induce nucleation.

Figure 4.
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Figure 5. — Particle (left) distribution and (right) number of nuclei on the fiber surface.

Figure S shows both particle distribution and
number of nuclei on the fiber surface. Wood fibers
produced using the mechanical pulping#processes
also show the highest nucleation ability among. the
three different pressure conditions. The median from
the particle distributions of each fiber types was 0.64
pm, except for RMP (2.68 pm). Relatively smaller par-
ticles (< 0.5 pm) on the fiber surface can be important
for the heterogeneous nucleation of PP. However, the
instrumental limitation of a wide dynamic range sen-
sor, which covers 0.5 to 400 um of particle radius, in-
dicated further investigation with particle sizes
smaller than 0.5 um. An average radius of nucleus was
0.64 pm and the nuclei radius is much smaller than
nucleus.
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Conclusions
The objectives of this study were to determine in-
teraction mechanisms at nucleation sites caused by
fiber surfaces, investigate the effectiveness of increas-
ed hydrophobicity of the fiber surface on the PP ma-
trix, and provide factors from the quantitative mea-
surements of crystalline deposit angles and h/E ratios
of the crystal deposit system on the fiber surface.
Based on the results of this study, the following con-
clusions can be drawn:
1. rough surfaces serve as a natural particle hold-
ing device, 7
2. smooth and hydrophobic surfaces provide a
beneficial role for crystalline deposit,



3. particles and materials extractable from the fi-
ber surface play an important role in heteroge-
neous nucleation and crystalline deposit, and

4. isolated materials from the fiber surface influ-
ence material impurity of the fibers and create
polymer nucleation sites.
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